In this paper, we demonstrate fabrication and characterization of a nanofluidic channel with embedded transverse nanoelectrodes using a combination of conventional photolithography and focused ion beam technologies. Glass-capped silicon dioxide nanochannels having 20 nm depth, 50 nm width, and 2 µm length with embedded platinum nanoelectrodes were fabricated. Channel patency was verified through measurements of the resistivity in phosphate buffered saline and electrostatic action on charged fluorescent nanospheres. Platinum nanoelectrode functionality was also tested using transverse resistance measurements in nanochannels filled with air, deionized water, and saline solution.
Introduction
Fabrication of nanochannels is attracting considerable interest due to its broad applications in nanobiotechnology (e.g., biomolecular sensing and single DNA manipulation) [1] [2] [3] [4] [5] and its utility in fundamental studies related to the physical effects governing nano-confined liquids and gases [6] [7] [8] [9] . While fabrication of inorganic nanopores, which is mostly driven by their application in DNA sequencing and molecular sensing [10] [11] [12] [13] [14] , has become relatively mature; nanochannel fabrication and its subsequent filling have proven to be more challenging tasks. As compared to nanopores, nanochannels offer distinct advantages in allowing a slower translocation and multiple sensing spots along the channel both of which improves the read-out resolution [15] . Literature concerning the methods of fabrication for nanochannels is rather extensive, covering technologies such as bulk micromachining [16, 17] , surface micromachining [18] , thermal oxidation with anodic bonding [19] , thermal oxidation with chemical-mechanical polishing [20] , nano-imprint lithography with subsequent dielectric sputtering [21] , and focused ion beam (FIB) milling of solid surfaces [22] to name a few.
Beyond the ability to fabricate a nanochannel, two other highly desirable characteristics are optical and electrical 4 Author to whom any correspondence should be addressed. accessibility. The former requires that the nanochannel be transparent to the light at least in one direction, thus allowing real time microscopic examination; while the latter provides electrical access for measurement and flow control via Debye length modulation [23] . The transparency requirement is easier to achieve by using a suitable substrate (glass or quartz), however, implementing nano-scale electrical contacts inside the nanochannel is not trivial and to our knowledge has not been demonstrated.
In this paper, we present the fabrication of a nanofluidic channel with embedded transverse nanoelectrodes using a combination of conventional photolithography and focused ion beam (FIB) technologies. The fabricated channels completely reside inside silicon dioxide which is one of the most studied and characterized surfaces used for biological applications. Optically transparent borosilicate glass was used as the top coverage, providing a window for real time fluorescent microscopy. Parts of the electrodes in contact with liquid were made of platinum for electrochemical compatibility. Figure 1 illustrates the 3D schematic of the device. It consists of an inlet and outlet for sample introduction, micro-scale leading reservoirs, a nanochannel, electrical access holes, micro-scale leading electrodes, and two nanoelectrodes. The fabrication process for the nanofluidic channel with embedded transverse nanoelectrodes is depicted in figure 2 . Micro-scale leading reservoirs were fabricated using a two-step dry etch process (deep reactive ion etching, DRIE) in a high resistivity silicon wafer to create: (1) larger and deeper (150 µm in depth) reservoirs to accommodate the inlet and outlet tubing junctions, and (2) shallower microchannels (1 µm in depth) connected to the deep reservoirs. The shallower regions were required for subsequent microelectrode fabrication step in which a fine alignment was needed. In order to accomplish the required lithography, a deep microchannel close to the microelectrodes had to be avoided since it prevents adequate photoresist step coverage. The two-step microreservoir fabrication process was done by etching the shallower microchannel first using DRIE followed ( figure 2(a) ) by covering the central etched area by a photoresist droplet and continuing the DRIE until 150 µm deeper reservoirs were fabricated ( figure 2(b) ).
Fabrication process
Following the fabrication of the micro-reservoirs a 700 nm thick thermal oxide was grown on the surface. This step was followed by deposition and lift-off of 10 nm Cr/100 nm Au layer for the microelectrodes, figure 2(c) . A modified liftoff process was employed to achieve a planar surface after metallization. This is crucial for the quality of subsequent anodic bonding process since any step height greater that 50 nm creates unbounded areas [24] . The lift-off process was modified by etching a 100 nm recess in the top oxide layer (Plasmatech RIE) after photoresist patterning and prior to metallization. This modification in lift-off process ensures a step height of only ∼10 nm.
Nanochannel and nanoelectrodes were fabricated using high resolution FIB (FEI Nova 200 © ) as depicted in figures 2(d) and (e). First, FIB-assisted deposition was used to create a 40 nm wide and 10 nm thick platinum line connecting the two Cr/Au microelectrodes, figure 3(a) . Then, FIB was used to cut a 50 nm wide and 20 nm deep nanochannel in perpendicular direction, figures 3(b) and (c). FIB etches metals much faster than silicon dioxide, thus removing platinum and its underlying oxide in one single pass. Figure 4 shows an atomic force microscope image of the fabricated nanochannel (50 nm wide and 20 nm deep) and nanoelectrodes.
The top capping glass layer was prepared by drilling four 3 mm diameter holes in a Corning 7740 glass wafer using fine diamond coated drill bit. Two of these holes serve as inlet and outlet liquid access ports while the other two provide electrical access for the nanoelectrodes, figure 2(f).
The glass wafer was then bonded to the prepared silicon substrate using high strength anodic bonding, figure 2(g) [25] . Oxygen plasma surface activation was used before bonding to facilitate the wetting of the nanochannels. Figures 5(a) shows the SEM micrograph of the nanoelectrodes and nanochannel before anodic bonding while figure 5(b) shows optical photograph of the completely fabricated microdevice. 
Experimental results and discussion
Nanochannels were filled through the sequential steps of soaking in acetone, methanol, isopropanol alcohol (IPA) and DI water in a vacuum chamber (each soaking step was 30 min long). These steps are critical and are based on the fact that acetone wets the nanochannels much faster than DI water [26, 27] . It is however difficult to directly replace acetone with DI water due to their mutual immiscibility. Flushing the nanochannel with methanol and IPA prior to DI water solves the above mentioned problem. Following the wetting steps, inlet/outlet tubings were connected to the device and DI water was pumped through. This was done using two syringe pumps, one connected to the inlet and pushing the liquid while the second one sucking the water out through the outlet creating a high pressure gradient across the channel.
In order to verify the nanochannel functionality, we performed resistivity measurements by placing DI water at outlet of the channel and pumping 0.1 M phosphate buffered saline (PBS) from the inlet for two days (in this case the second outlet pump was not present and the outlet tubing was simply inserted into DI water). Figure 6 shows the measured resistivity of DI water at 1 kHz versus time. As can be seen, DI water resistivity drops as more PBS is pumped through the channel, thus verifying the nanochannel patency. We also electrophoretically pumped negatively charged FluoSpheres ® carboxylate-modified nanospheres (20 nm nominal diameter, Invitrogen) through the nanochannel. To conduct this test, the nanochannel as well as the inlet and the outlet chambers were filled by 0.1 M PBS and FluoSpheres ® was introduced into the grounded inlet while the outlet was connected to a positive voltage (10 V) thus forcing the negatively charged particles towards the outlet. Figure 7 shows a fluorescence image of the device clearly showing the movement of the fluorescence particles from the inlet (bright side) to the outlet thorough the nanochannel.
Finally, in order to test the functionality of the nanoelectrodes, we introduced PBS solutions of various concentrations and measured their resistivity. The resistance measurements were carried out while the channel was dry, wetted by DI water, and filled by different concentrations of PBS solution. As can been seen in figure 8 , at dry state the resistance was very high (5 × 10 7 ), with DI water it dropped to 5 × 10 4 , and thereafter decreased uniformly as more concentrated PBS solutions were introduced, clearly demonstrating the functionality of the nanoelectrodes, 
Summary
In this paper, we demonstrated the fabrication and characterization of a nanofluidic channel with embedded transverse nanoelectrodes for the first time. Fabrication process is simple and repeatable relying on conventional photolithography and FIB-assisted nanofabrication (deposition and etching). Nanochannels as small as 20 nm deep and 50 nm wide were successfully fabricated and characterized using resistivity measurements and fluorescence microscopy. The PBS-filled nanochannel transverse resistance between the nanoelectrodes was also measured in order to verify the nanoelectrode functionality.
